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Abstract: A sepiolite from Grant County (USA) was studied with two objectives. First, from a purely methodological perspective, a
comparative micromorphological study was conducted using two imaging techniques: high-resolution transmission electron micro-
scopy (HR-TEM) and atomic-force microscopy (AFM). The second objective was to determine whether the structural change that
occurred in sepiolite after heating over 500C induced observable morphological changes. The fibrous morphology of sepiolite was
observed; furthermore, bundles and rods were observed in both the TEM and AFM imagery. However, individual laths were easily
observed by TEM but could only be deduced from the irregularities of the rod surfaces by AFM. A good approximation of the lath
widths (~21 nm) can be obtained frommeasurements using the two techniques, but AFM allows for the determination of the height of
the rods (~31 nm) and shows that the mesocrystals are tabular. The folding of the structure after heating was followed by XRD and
HR-TEM. The precise measurements performed by HR-TEM and AFM on the folded sepiolite show the micromorphological change
in the particles, which decrease in width after folding (from ~21 nm to ~18 nm) in accord with the reduction of the unit cell.
Key-words: sepiolite; lath; rod; mesocrystal; HR-TEM; AFM; SEM; micromorphology; folded sepiolite.
Introduction
Sepiolite is a claymineral with a large and growing number
of industrial applications. It has inner channels and edge
tunnels in its crystals, which can be used to absorb and
adsorb different molecules. An in-depth review of the
properties and uses of sepiolite can be found in A´lvarez
et al. (2011) and Ruiz-Hitzky et al. (2011).
The sepiolite structure was reported by Brauner &
Preisinger (1956), but this mineral has been redefined as
an end-member of the continuous polysomatic series
sepiolite–palygorskite (Sua´rez & Garcı´a-Romero, 2011,
2013). The structure of this fibrous clay mineral can be
described as the union of polysomes that run parallel to the
c axis of the unit cell, along the fibre axis. Each polysome
has a 2:1 structure and is jointed to its neighbour by a
shared basal oxygen from the tetrahedral sheet. The basal
planes of the tetrahedral sheets are continuous, but they
have a periodic inversion of the apical oxygens, causing
the interruption of the octahedral sheet and the existence of
polysomes and channels. The interruption of the sepiolite
octahedral sheet produces two different positions of Mg, at
the interior or edge of the polysome. In the edge position,
Mg bonds with two water molecules called coordinated
water. Three types of water can be therefore described in
sepiolite: a variable number of zeolitic water molecules,
which are located inside the channels; four coordinated-
water molecules per half unit cell (phuc), completing the
coordination sphere of the terminal Mg atoms; and struc-
tural water that corresponds to the OH- groups of the
octahedral sheets as phyllosilicate. These types of water
are expressed in the ideal structural formula phuc:
Si12O30Mg8(OH)4(OH2)4wH2O. Bukas et al. (2013) under-
took a synchronous ATR infrared and NIR-spectroscopy
study of sepiolite and found that, upon drying, the number
of zeolitic water molecules (w) varied between 7–8 in a
hydrated state (.30% of relative humidity, RH) and
between w ¼ 0–1 in a dry state (0% RH). Additionally,
they also described an intermediate state in which w¼ 4–5
is possible for RH ¼ 3–10%.
The progressive heating of sepiolite leads to the release
of the three types of water molecules at different tempera-
tures. Frost & Ding (2003) described three main tempera-
ture intervals by studying the thermal behaviour of four
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sepiolites. From room temperature to 120C, most zeolitic
water is lost and dry sepiolite persists until 300C; at this
temperature, half of the coordinated water is lost and the
structure folds. The semi-anhydrous and folded sepiolite is
stable until it reaches 530C, where upon the other half of
the coordinated water is also lost and anhydrous sepiolite
appears. These intervals support the structural modifica-
tions found by Post et al. (2007). For these authors, semi-
anhydrous sepiolite is stable between 325–550C, and the
continuous heating of sepiolite produces a decrease in both
a and c parameters. Sa´nchez del Rı´o et al. (2011) also
showed the variability in the sepiolite cell parameters
after heating to 225C.
The fibrous morphology of sepiolite is its main char-
acteristic and has been described since the first studies
of this mineral. Several words have been used to name
the particles and the aggregates in an attempt to
describe them: fibre, lath, rod, bundle, tape, strip, and
so on. Recently, Garcı´a-Romero & Sua´rez (2013) pro-
posed a simple nomenclature that is not only descrip-
tive but also has a crystallographic element: lath is an
individual crystal, rod is a group of individual crystals
in crystallographic continuity (mesocrystal) that is
formed by the aggregation of individual laths (Garcı´a-
Romero & Sua´rez, 2014), and a bundle is a group of
laths or rods with subparallel c axes.
The aim of this work was a micromorphological study of
natural and heated sepiolite by mean of HR-TEM (High
Resolution Transmission Electron Microscopy) and AFM
(Atomic Force Microscopy).
Materials and methods
The sepiolite from Grant County (USA) was selected for
this study due to its high purity. It is a massive and earthy
sepiolite that is white in colour, very pure and compact.
This specimen was studied in a previous work focused on
the crystal-chemistry of sepiolite (Garcı´a-Romero &
Sua´rez, 2010). The sepiolite from Grant County shows a
low specific surface area (79 m2g1) due to the external
surface (73 m2g1) and microporosity (6 m2g1), as shown
in Sua´rez & Garcı´a-Romero (2012).
The micromorphological study was conducted using
Scanning Electron Microscopy (SEM-FEG), High
Resolution Transmission Electron Microscopy (HRTEM)
and Atomic Force Microscopy (AFM) at the Centro
Nacional de Microscopı´a Electro´nica (Spain). The SEM-
FEG observations were conducted using a JEOL JSM-
6335F (Field Emission Gum Scanning Electron
Microscope) operating at 10 kV and a working distance
of 15 mm. Prior to the SEM-FEG examination, freshly
fractured surfaces of representative samples were air-
dried and coated with Au in vacuum.
For the other studies, the sample was powdered in a
manual agate mortar. The TEM observations were per-
formed by depositing a drop of dilute clay suspension
onto a microscope grid with cellulose acetate butyrate
and by viewing it with a JEOL 2000 FX microscope
equipped with a double-tilt sample holder (up to a max-
imum of  45) at an acceleration voltage of 200 kV with
a 0.5 mm zeta-axis displacement and 0.31 nm point-to-
point resolution. High-resolution TEM images (HR-
TEM) were obtained with a JEOL 3000 FX Field
Emission Microscope at an acceleration voltage of 300
kV with 0.17 nm point-to-point resolution equipped with
a double-tilt sample holder (up to a maximum of  23)
and a CCD camera for digitally recording the images.
Low electron beam doses were used to obtain the HR-
TEM images to prevent beam-damage to the samples.
Special attention was paid to the natural sepiolite sample
due to its higher sensitivity to beam-damage. The experi-
mental conditions of the image acquisition were opti-
mized to avoid structural modification as a result of the
beam interaction, using a low beam intensity (below 500
counts on the CCD camera) with an exposition time of 0.8
s for the image acquisition.
The diluted suspension was prepared in the same
fashion for the TEM and AFM studies to ensure that
the preparation did not influence the results. For the
AFM studies, a drop of dilute clay suspension was
placed on a fresh cleaved mica surface and dried in a
Petri dish under regular room conditions (Pinner et al.,
2003). The AFM can provide three-dimensional informa-
tion of the surface at a scale that cannot be provided by
SEM or by TEM. The AFM observations were con-
ducted in air with a commercial multimode Nanoscope
IIIA of Digital Instruments. All of the images were
obtained in contact mode, and both the height and
deflection images were recorded. Silicon nitride tips
(Veeco NP-S10) with a nominal force constant of k ¼
0.06–0.58 N/m were used. The image processing and
measurements were performed using a Nanoscope with
off-line software (version V5.30 R3SR3, Digital
Instruments, Inc.) and with WSxM freeware (Horcas
et al., 2007). To normalize the measurements, each
height and width measurement was obtained in the
same way.
The use of Atomic ForceMicroscopy is relatively recent
for clay minerals studies, and this technique has been used
for sepiolite studies on few occasions (Pinner et al., 2003;
Alkan & Benlikaya, 2008; O¨kte & Sayino¨z, 2008; Benli
et al., 2012; Miltner et al., 2012, among others). The only
morphological study on sepiolite using AFM (Can et al.,
2010) investigated the size variation of sepiolite from
Sivrihiser (Turkey) in relation to the stirring time of a
suspension. In this study, the higher the stirring time, the
lower the particle width, indicating the aggregation of
particles in the natural sample, and the most isolated par-
ticles measured were short (1000 nm in length), at 130
nm in width and 25 nm in height.
A portion of the powdered sample was heated for 3 h at
350C and 550C, with a heating rate of 10/min, to study
the possible variations in the particles after heating. X-ray
powder diffraction patterns from the natural and heated
samples were obtained using Siemens D-500 equipment,
with CuKa radiation. The sample heated at 550Cwas also
studied by TEM and AFM.




Like most sepiolites, sepiolite from Grant County is an
earthy-sepiolite and therefore the use of electron micro-
scopy is required to study its morphological features. The
use of SEM-FEG allows for the study of the texture of the
sample and the gathering of information regarding the mor-
phology from a 2D image. This sepiolite has a very open
texture in which the fibrous morphology is observed under
smaller magnification (Fig. 1a, b, c and d). The length of the
fibres is normally more than 10 mm. The grouping of laths
that form rods is visible when the fibres are observed at
higher magnifications (Fig. 1e and f) and, as occurs in most
sepiolites, the rods gather to form bundles (Fig. 1b, c and d).
With TEM typical laths, theminor crystals, can be observed.
The morphology of these laths is due to the good develop-
ment of the {110} prism faces. The sections of these laths
range between 10–37 nm in width (Table 1). Aggregation of
laths forms rods that can be observed in Fig. 2; these rods are
between 80–150 nm in width.
Atomic-force microscopy was used to obtain a 3D
approximation as a third method of studying sepiolite
micromorphology. The fibrous morphology is shown in
the lower magnification of the images (Fig. 4a), in which
the variable length of these fibres can also be observed. As
previously observed by SEM and TEM (see Figs. 1, 2 and
3), when AFM is used, the fibres (s.l.) appear as rods
formed by other simpler units; it is sometimes possible to
identify laths in these samples (Figs. 4, 5 and 6). The most
common images obtained correspond to fibres (s.l.) in
which steps are observed. These fibres are actually rods
and the steps correspond to laths (Fig. 7). However, the two
types of crystals (lath and rod) are not as easily distin-
guished in AFM compared to TEM. Although differentiat-
ing the laths was sometimes not possible, the width of the
rods ranged between 40–250 nm, and those of the laths
ranged between 12 and 54 nm (Table 1).
Furthermore, to complete the 3D information, profiles of
the particles can be obtained, similar to the ones shown in
Fig. 5d. These profiles allow us to obtain precise values of
the height of the particles (Fig. 7). The data obtained for the
HR (rod height) are between 6.9–39.4 nm, whereas for the
HL (lath height) they vary between 0.55–8.17 nm. The ratio
WR/HL is equal to 3.2 as mean value, WR being the rod
width.
Folded sepiolite
The structural change in the Grant County sepiolite, into a
semi-anhydrous form (folded sepiolite) after heating, is
easily observable from the diffraction patterns. The inten-
sity of the main peak at 12 A˚ in natural sepiolite, corre-
sponding to a 110 reflection, decreases after heating to
350C, while two new reflections appear. These two new
reflections appear at 10.4 A˚ and 8.3 A˚, and their intensity
increases after heating to 450C; however, this temperature
is not enough to complete the transformation of the
mineral, and the sepiolite 110 reflection remains. The for-
mation of the anhydrous phase is achieved after heating to
550C and the 110 reflection of sepiolite at 12 A˚ disap-
pears, whereas the peaks of the semi-anhydrous phase
appear at 11.72 A˚, 10.02 A˚ and 8.02 A˚. The variation in
the position of these characteristic peaks of heated sepiolite
were also observed by Hayashi et al. (1969) and Nagata
et al. (1974), which is in agreement with the diminution of
the cell parameter values also observed by Post et al.
(2007) and Sa´nchez del Rı´o et al. (2011).
The micromorphology of the folded sepiolite has been
studied using TEM and AFM. The overall aspect of the
heated fibres observed by these techniques is the same as
that of the natural sample (Figs. 8 and 9). From their
morphological features, it is not possible to differentiate
the natural and heated sepiolite, using TEM or AFM. The
fibres usually correspond to rods, but laths of variable
lengths can be observed sometimes. The width of the
individual laths measured with HR-TEM is variable, as
with the natural sample, but smaller sections have been
found in heated and folded sepiolite (see Table 1). Both the
mean and minimum values of the fibre width after folding
obtained by TEM are minor compared with those of the
natural sample. The same occurs with data from AFM, the
mean value of the fibre width decreased from 22 nm to 18.8
nm after heating and folding of the sepiolite.
Discussion
Micromorphology of natural sepiolite
Scanning electron microscopy is the most frequently used
technique to study micromorphology and texture of clay
minerals. For sepiolite, it allows obtaining the length and
type of fibre, but the termination of the individual crystals
cannot be clearly observed. The fibres observed by SEM
correspond to rods, and it is not possible to measure the
size of the laths. In this sample, the length of the fibres is
variable, but frequently is more than 10 mm, corresponding
to type 3, as described by Garcı´a-Romero & Sua´rez (2013).
Table 1. Statistics of the lath width (in nm) obtained by AFM (from
height and deflection images) and by HR-TEM.
RT-LATH-W HT-LATH-W
AFM Max. 54 25
Min. 12 13
Mean 21 19
St. dev. 5 2
AFM (DEF) Max. 40 29
Min. 13 14
Mean 22 19
St. dev. 4 3
TEM Max. 38 43
Min. 10 9
Mean 22 18
St dev. 10 6
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The size of the fibres and, specifically, the open texture are
related to the low specific surface area of the Grant County
sepiolite (Sua´rez & Garcı´a-Romero, 2012).
The use of TEM is required for achieving higher magni-
fication of the fibres but the ordinary method of sample
preparation by dispersion of a powder in n-butanol breaks
the fibres and avoids the observation of textures.
Therefore, this technique allows for studying the width of
the laths and rods with more detail but not theirs lengths, as
known. The rods are between 80–150 nm in width and are
formed by laths with widths between 10–37 nm. In the
images obtained with the highest magnifications in TEM
(Figs. 2 and 3), the fibre terminations are not clear; how-
ever, it seems that pinacoids could be the most frequent
crystal form, in good agreement with Bastida et al. (2006).
These authors calculated the central distances (Dhkl) for
different possible crystal forms of sepiolite and concluded
that the most probable forms are in the parallel to [001]
direction; the fibre axis, as with all sepiolites, has prevalent
forms, the {110} prism and the {010} pinacoid, whereas
the {100} cannot be developed. The fibres formed by the
prisms and pinacoids show smaller development, and the
prevalent forms are the {011} prism and the smaller {111}
dipyramid.
In the images of the individual crystals, the laths, it is not
possible to identify the crystal form in the [001] direction;
the pinacoid as the termination of the crystals could only be
identified in a few laths. The irregular surfaces of the fibres
sections (Fig. 3) may be caused by the dispersion and
breaking of the fibres during the dispersion treatment;
however, this is probably also representative of the natural
crystal morphology (Garcı´a-Romero & Sua´rez, 2013,
Fig. 1. Grant County sepiolite SEM-FEG images showing its fibrous morphology and very open texture (a, b, c and d). The length of the fibres
(more than 10 mm) is observed in b and c. Bundles of fibres are observed in b, c and d. The grouping of laths forming rods is visible in e and f.
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2014). The sepiolite crystals develop a fibrous morphology
in the [001] direction because the (hk0) faces are F-faces
(flat) without kinks, in which atoms cannot be incorpo-
rated, while the (001) faces are K-faces (kinked), in which
the growth occurs rapidly by the addition of atoms. This
growth leads to well-developed prismatic faces for (hk0)
and an irregular growth surface on the section of fibres,
which is mostly observed using HR-TEM (Fig. 3).
According to the AFM observations, there is great varia-
bility in the size of the fibres, both in length and width. The
fibres vary from the broadest and shortest laths measured
(Fig. 4b and c) that have prismatic, rather than fibrous
characteristics, to the most frequent particles that have a
greater length/width ratio and correspond to the typical
fibres of sepiolite, such as those shown in Fig. 4a. It is
not easy to observe individual crystals from the AFM
images; however, when an exceptional crystal can be
observed (Figs. 4c, 5 and 6), the {110} prism and the
{010} pinacoid crystal forms can be identified.
Regarding the termination of the fibres, very few images
contain this valuable information; however, the presence
of the dipyramid {111} and pinacoid {001} forms could be
interpreted from some of the crystals (see Figs. 5 and 6).
These crystal forms agree with the previously referred
calculations of Bastida et al. (2006).
As mentioned above, by using AFM, it is possible to
obtain not only more realistic 2D images (Figs. 4, 5a–b and
6a–b) but also to obtain 3D images in which the height of
the rods or laths can be measured (Figs. 5 and 6).
When an AFM tip scans over a topographic feature that
is steeper than the taper angle of the tip, the latter will lose
Fig. 2. Grant County sepiolite TEM images: (a) Laths of natural
sample forming rods. (b) Rods of a heated sample formed by laths.
Fig. 3. Grant county sepiolite HR-TEM images of laths forming rods: a and b are the natural samples, c and d are the samples heated to 550C.
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the contact with the sample surface, causing then a distor-
tion of the image, a so called tip-sample convolution arti-
fact (Eggleston, 1994). This phenomenon depends not only
on the shape of the tip but also on the sample position (cf.
Fig. 8). In order to normalize the measurements, the width
of the bundles was taken in all cases from side to side at the
fibre borders, which were visually identified at the inflec-
tion point between the mica substrate and the fibre particle,
as shown in Figs. 5 and 6. However, the lath widths were
measured at half of the maximum height of the last step
shown on the top of the bundle (see profiles in Figs. 6 and
7). Independent laths could generally not be detected in the
sample, although all of the fibres observed by means of
AFM (corresponding to rods or bundles) showed stripes on
both sides of the fibres, parallel to the fibre elongation.
Moreover, the corresponding profiles perpendicular to the
fibre showed steps with different widths. This finding led
us to interpret those steps as laths (Figs. 4c and 5d). The
width measurements of the height and deflection images of
bundles, rods and laths were in good agreement.
The values obtained for the width of the fibres were
similar with TEM and AFM, although there were fewer
from AFM. These fibre width values were not equal from
the two techniques and were probably, in both cases,
slightly smaller than the actual values due to the orienta-
tion of the crystals, as is shown in Fig. 7. Sepiolite crystals
mainly develop {110} faces, as previously described and
as can be observed in the scarce images of the (001) section
of this mineral (Routureau & Tchoubar, 1976; Krekeler &
Guggenheim, 2007; Garcı´a-Romero & Sua´rez, 2013).
These types of elongated crystals lie on the {110} faces,
as in Fig. 7, and it is normally not possible to obtain a direct
measure of the WL and HL (lath width and height) and the
WR and HR (rod width and height) because these
Fig. 4. Atomic-force microscopy (AFM) deflection images of natural sepiolite showing the fibre sizes. The width of the fibres ranges between
100 and 250 nm (a and b), whereas the individual laths range between 10–50 nm (c and inlet).
Fig. 5. AFM images of deflection (a), height (b) and a 3D model from a height image (c) of a single sepiolite rod. (d) height profile along the
line X-X’.
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dimensions are never parallel to the sample holder.
Furthermore, the fibres that can be observed are mesocrys-
tals or rods formed by aggregation of individual crystals or
laths (Garcı´a-Romero & Sua´rez, 2013, 2014). The values,
 20–22 nm, correspond to the mean of the accessible
{110} faces. In some cases, they correspond to the full
faces (w3 in Fig. 7b–c and w4 in Fig. 7b–c), but in some
cases they are only a portion of one face (w2 in Fig. 7b–c
Fig. 6. AFM images of deflection (a) and height (b) showing forms that can be interpreted as dipyramid {111} and pinacoid {010}. 3Dmodels
(c) and profiles of the particles (d) were calculated to complete the information.
Fig. 7. Scheme showing a sepiolite crystal and the different measures that can be performed depending on the technique used, TEM or AFM.
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and w5 in Fig. 7b) or more than one face (w4 and w5 in Fig.
7c) in others. This phenomenon and the fact that obviously
not all individual crystals are equal produce a wide disper-
sion of the data (Table 1); however, the mean value gives a
good approximation of the range of the measurement.
The profiles obtained allow one to measure not only the
width but also of the height of the particles (Fig. 7), and to
realize that the mesocrystals are tabular (WR/HL3.2). The
mean value of the HR (31.6  7.6 nm) indicates that the
crystals aggregate mainly in the [010] direction. For the
values obtained for HL the same concern exists as for the
width. In Fig. 7c, the height of the steps is shown (H2 to
H6), which does not correspond to the HL; in this case, most
of the values are much smaller than the HL.
Micromorphology of the heated sepiolite
Heating the natural sample was undertaken to evaluate
whether the change in the structure by folding could influ-
ence the morphology of the crystals. The heating of sepio-
lite to over 350C produced a transformation into the semi-
anhydrous form, which was followed by folding of the
structure. A change in the sepiolite structure by dehydra-
tion and folding into a more stable structure involves a
variable reduction in the volume, depending on the tem-
perature of heating, which can reach 28% after heating at
675C, according to Post et al. (2007), who studied a
sepiolite from Durango (Mexico). The change in volume
could be detected from a study using AFM and HR-TEM.
The HR-TEM images from the Grant County sepiolite,
including the natural and heated sample, allow for a precise
measurement of the d-spacing and evaluation of the
changes in the structure as a consequence of heating and
dehydration (Fig. 8a and b). While the expected values
were approximately 1.2 nm, corresponding to the (110)
plane, for the natural sample, lower d-spacing was found
in the heated sample (1.17 and 1.04 nm), in good agree-
ment with data obtained from the XRD patterns. The new
d-spacing, at 1.04 nm, was observable with the HR-TEM
image of the folded sepiolite (Fig. 8b). The width of the
laths decreases after folding, both the minimum and mean
value according to the diminution of volume addressed by
Sa´nchez del Rı´o et al. (2011).
The results of the AFM study are similar, no micromor-
phological differences between the natural and heated
samples have been found; however, the mean values of
the lath widths are less than those of the natural sample if
the measures from profiles and from deflection are con-
sidered. As for the natural samples, the fibres observed
with AFM correspond to bundles and, primarily, to rods
(Fig. 9).
There is good agreement among the three evaluated
measurements (Table 1), both for the natural and heated
sample. Although the maximum and minimum values of
the lath widths are variable, the mean width of these laths,
or individual crystals, is approximately the same, indepen-
dently of the technique (TEM or AFM) or method (inten-
sity profiles or distances in deflection images in AFM)
used. In all cases, the mean values of the natural sample
laths are 21.5 nm in width, whereas this value decreases
by18.5 nm after heating. This indicates an15% reduc-
tion, which is in good agreement with the reduction in cell
parameters observed by Post et al. (2007), who found that
both the a and b parameter decreased by 15% after
heating and folding the natural sepiolite. These measures
indicated that both techniques, the TEM and AFM, are
sensitive to a change in the size of the fibres, which is
associated with a phase change due to the release of all of
the zeolitic water and half of the coordinated (or bounded)
water.
Final remarks
In this study, we show how using images obtained from
different electronic microscopies, such as SEM-FEG,
TEM and AFM, improves the definition of the particle
size of sepiolite.
Both the HR-TEM and AFM techniques provide an
approximation of the fibre width values because the aggre-
gation of the individual crystals and the orientation of the
particles prevent the ability to measure the dimension of
the individual laths. Although the values obtained from the
two techniques are similar, those obtained by the HR-TEM
are more accurate.
Fig. 8. (a) HR-TEM image of Grant County sepiolite natural sample
and (b) corresponding Fourier transform. In (c) the intensity profiles
corresponding to the yellow lines reveals the characteristic (110)
d-spacing at 1.2 nm. (d) HR-TEM image of folded sepiolite and
corresponding (e) Fourier transform. (f) Intensity profiles of the
yellow marked areas revealing (110) d-spacing at 1.04 nm. (online
version in colour)
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The AFM has been shown to be a very useful and
powerful technique for analysing particle size at the sub-
micrometre range of special minerals, such as sepiolites,
which provides, after image processing, a 3D perspective
that represents the sepiolite particles. By this technique the
tabular morphology of the rods has been shown.
The folding of the structure after heating to over 500C
has been followed by XRD and the precise measures per-
formed by HR-TEM and AFM on the heated and folded
samples show the micromorphological change in the par-
ticles that decrease in size according to the diminution of
the unit cell.
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